INTRODUCTION
The primary strategy for photo-regulation of biomolecular function using azobenzene is to change the host system by exploiting structural, electronic and volume changes that accompany a trans-to-cis azobenzene isomerization event. Examples of biomolecular systems into which azobenzene has been incorporated for photo-regulation are peptides [1] [2] [3] , enzymes [4] [5] [6] [7] , oligonucleotides 8, 9 and ion channels 10, 11 . Methods for incorporating azobenzene chromophores into biomolecules include solid-phase peptide or oligonucleotide synthesis 7, 12 , nonsense suppression via azobenzenecharged suppressor tRNAs 4 , and both non-selective 13 and targeted chemical modification of protein side chains 14 .
To be generally useful, azobenzene photo-switches intended to control protein activity should be incorporated under mild aqueous conditions and should target features that are common to all proteins. Ideally, one isomeric state of the chromophore locks the protein in an 'off' functional state, and in the other isomeric state the protein is in an 'on' state. The extent to which this is achieved depends critically on where the switch is placed and how well isomerization is coupled to protein conformational change. Incorrect placement can lead to inconsequential changes in conformation or to switches becoming locked in the cis or trans state [15] [16] [17] .
Chemical cross-linking is often employed as a way to introduce intramolecular bridges into peptides and proteins. Such bridges can be used to stabilize or alter protein structure, dynamics and function 18, 19 . If the azobenzene chromophore is used as a component of these intramolecular bridges, photo-isomerization can be used to perturb the structure of the bridge reversibly, and thereby to alter key components of protein conformation. When properly targeted, these photo-switchable cross-linkers can be used to photo-control protein activity.
We have focused primarily on targeting the conformational control of helical structures using thiol-reactive, azobenzenebased photo-switchable cross-linkers 3, 16, 20, 21 . As Cys residues can easily be introduced via site-directed mutagenesis, this azobenzenebased cross-linking strategy offers a fairly general way to photocontrol protein a-helix content and thereby activity. We have reported on the design and synthesis of a number of different cross-linkers exhibiting a variety of properties 3, [21] [22] [23] . Among the most generally useful of these is sodium 3,3¢-bis(sulfonato)-4,4¢-bis(chloroacetamido)azobenzene (BSBCA), a fully water-soluble, thiol-reactive cross-linker that can be isomerized from trans to cis by irradiation at 370 nm and can be relaxed thermally from cis to trans with a half-life of approximately 20 min at room temperature (20-24 1C) .
Cross-linking reactions can be performed with BSBCA under mild conditions (room temperature, physiological pH and a completely aqueous environment). A variety of helical peptides and proteins bearing two Cys residues have been cross-linked, and their conformational and functional properties have been studied; these include the peptides JRK-7 and FK-11 and the proteins MyoD, engrailed and GCN4 27, [29] [30] [31] . Intermolecular cross-linking between proteins was not apparent in any of these cases and was likely suppressed by the fast intramolecular reaction between the chloroacetamide moiety of BSBCA and the second Cys residue. Photo-isomerization takes place rapidly, with high quantum yield, and occurs at wavelengths higher than 300 nm, so the light used to produce isomerization is not strongly absorbed by protein and nucleic acid present in biological targets 7, [24] [25] [26] .
Here, we present our approach to the synthesis of BSBCA ( Fig. 1 ) and a protocol for its use in protein cross-linking. Although the cross-linking reactions are robust and provide a route toward installing structural and activity switches into proteins and peptides in general, the following considerations will determine whether a particular protein or peptide is compatible with this cross-linking strategy. (i) Two Cys residues are required for cross-linking BSBCA. These Cys residues can be site-specifically mutated into the protein or peptide sequence, ideally within the helical region, to facilitate cross-linking. Pro and Gly, which often play particular conformational roles, and residues that are directly involved in protein activity (e.g., an enzyme active site residue or DNA-binding residue) should not be replaced. (ii) For proteins, the two Cys residues should be positioned so that they are exposed to the bulk solvent. (iii) To date, the effects of BSBCA on helical structures alone have been characterized. When Cys residues spaced i, i+4 or i, i+7 are cross-linked, trans-to-cis isomerization of the linker can promote helix formation, but when Cys residues spaced i, i+11 are cross-linked, trans-to-cis isomerization of the linker inhibits helix formation 27 . The extent of regulation of the helix structure depends on the energetics and dynamics of conformational changes in each particular case. This issue is discussed further in a recent review 17 . (iv) Although the cross-linking reaction can be limited to predetermined sites in the presence of a wide variety of side-chain functionalities, any native Cys residues that are surface-accessible should be mutated to Ser or Ala to ensure that cross-linking occurs in a chemoselective fashion. (v) Cys-containing peptides and proteins should be protected from oxidation to avoid disulfide bond formation, refolding or misfolding events and aggregation. For this reason, and to preserve the nucleophilicity of its cysteinyl thiols, the protein or peptide must be maintained in its reduced form at slightly basic pH (Fig. 2) .
If each of these points is taken into consideration, cross-linking should proceed smoothly with the intended goal of chemoselectivity. Cross-linking can be monitored by BSI-MS (Fig. 3) and isomerization can be assessed using UV-visible spectroscopy (Fig. 4) and helix-coil switching can be assessed using CD spectroscopy (Fig. 5) . Activity tests should be designed according to the protein or peptide under investigation. . Balloon affixed to a 3-ml plastic syringe cut flush at 1-ml mark . Centrifugal 3| Immerse the reaction flask in an oil bath (dewar dish) and heat to 94 1C while stirring the contents using a magnetic heat plate.
MATERIALS
4| Dispense 4.0 ml acetic anhydride (42.4 mmol, 1.23 eq.) into the flask dropwise over 5 min using a 20-gauge 1.5-inch disposable needle and plastic syringe.
5| Stir this reaction mixture continuously for 2 h at 94 1C.
6| Remove the reaction flask from the hot oil bath and allow its contents to cool to room temperature (approximately 10 min).
7| Filter the mixture through P8, qualitative, coarse filter paper using a Hirsch funnel under aspirator vacuum.
8| Rinse the reaction flask (3 Â 3 ml) with hot acetic anhydride and use this solution to wash the filtered precipitate.
9| Collect the 2-acetylamino-5-aminobenzenesulfonic acid precipitate from Step 7 into a clean round-bottom flask and dry using a vacuum pump (0.1-0.5 mm Hg). ' PAUSE POINT 2-Acetylamino-5-aminobenzenesulfonic acid should be left under vacuum for a minimum of 2 h to remove residual acidic solvent; however, it can then be stored in a sealed glass vial and left refrigerated indefinitely. We have not observed significant decomposition of this sample even after 1 year in a refrigerator.
Synthesis of sodium 3,3¢-bis(sulfonato)-4,4¢-bis(acetamido)azobenzene (2) TIMING 3 d
10| Dissolve 2-acetylamino-5-aminobenzenesulfonic acid (1.725 g, 7.0 mmol) in H 2 O (18 ml) in a 50-ml round-bottom flask containing a magnetic stir bar.
11| Adjust the pH of the 2-acetylamino-5-aminobenzenesulfonic acid solution to 8.5 by adding 0.1 M sodium carbonate dropwise. The solution should change color from light pink to brown. m CRITICAL STEP The pH must be adjusted to slightly basic to facilitate amine oxidation. If the pH is not properly adjusted, the yield will be significantly lowered.
12| Seal the reaction flask with a white rubber septum and immerse it in a À5 1C bath: ice/brine (saturated NaCl) solution contained in a glass dewar.
13| Dispense 19 ml sodium hypochlorite solution (neat, as supplied by vendor) into the reaction flask dropwise over 5 min using a 20-gauge 1.5-inch disposable needle and plastic syringe.
14| Continue stirring the reaction mixture for 2 h. It is necessary to add ice to the low-temperature bath to maintain the temperature at À5 1C. direct exposure to light; exposure to light may lead to decomposition of the azobenzene chromophore, particularly at elevated temperatures or pHs.
16| Filter the mixture through P8, qualitative, coarse filter paper using a Hirsch funnel under aspirator vacuum.
17| Wash filtered material with hot ethanol to yield pure sodium 3,3¢-bis(sulfonato)-4,4¢-bis(acetamido)azobenzene. ' PAUSE POINT Pure sodium 3,3¢-bis(sulfonato)-4,4¢-bis(acetamido)azobenzene can be stored in a sealed glass vial and left refrigerated indefinitely. We have not observed significant decomposition of this sample even after 1 year in a refrigerator. 22| Lyophilize the sodium 3,3¢-bis(sulfonato)-4,4¢-bis(amino)azobenzene solution in a 50-ml round-bottom flask and dry the solution overnight using a vacuum pump (0.1-0.5 mm Hg). ' PAUSE POINT Pure sodium 3,3¢-bis(sulfonato)-4,4¢-bis(amino)azobenzene can be stored in a sealed glass vial and left refrigerated indefinitely. We have not observed significant decomposition of this sample even after 1 year in a refrigerator.
Synthesis of BSBCA (4) TIMING 13 h
23| Add sodium 3,3¢-bis(sulfonato)-4,4¢-bis(amino)azobenzene (30 mg, 0.081 mmol), chloroacetic acid (191 mg, 2.03 mmol, 25 eq.) and chloroacetic anhydride (346 mg, 2.03 mmol, 25 eq.) to a 10-ml round-bottom flask containing a magnetic stir bar and seal the contents with a white rubber septum.
24| Immerse the reaction mixture in an oil bath, heat to 87 1C and stir continuously for 9 h. The melting points of chloroacetic acid and chloroacetic anhydride are 60-63 and 48-60 1C, respectively. Heating this reaction mixture will bring sodium 3,3¢-bis(sulfonato)-4,4¢-bis(amino)azobenzene into solution. ' PAUSE POINT Although the sodium 3,3¢-bis(sulfonato)-4,4¢-bis(amino)azobenzene mixture should be allowed to react for at least 9 h, we have found that it can be left stirring overnight (approximately 12-15 h) at 87 1C. In this case, neither the yield nor the purity of the final product is adversely affected.
25|
Remove the reaction mixture carefully from the hot oil bath, allow it to cool to room temperature (approximately 15 min) and continue to cool the reaction mixture over ice for an additional 30 min to precipitate BSBCA.
26|
The round-bottom flask will contain BSBCA as well as unreacted chloroacetic anhydride and chloroacetic acid. Wash these materials from the reaction vessel using excess dichloromethane (3-5 Â 5 ml) and filter the mixture through P8, qualitative, coarse filter paper using a Hirsch funnel under aspirator vacuum.
27|
Collect the filtered precipitate BSBCA in a clean 5-ml round-bottom flask and dry using a 0.1-0.5 mm Hg vacuum pump. ' PAUSE POINT Pure BSBCA should be left under vacuum for a minimum of 2 h to remove residual solvent; however, it can then be stored in a sealed glass vial and left refrigerated indefinitely. We have not observed significant decomposition of this sample even after 1 year in a refrigerator. Protein cross-linking with BSBCA TIMING Approximately 12 h 28| Transfer 5 ml 100 mM double-Cys mutant protein (500 nmol) to a centrifugal filter tube (Millipore, Amicon Ultra-15) and centrifuge at 4,000 r.p.m. at 4 1C for 30 min until a final volume of 500 ml is reached. A Sorvall legend T/RT, with a 250-ml rectangular swinging bucket rotor, is suitable. m CRITICAL STEP Centrifugal filter tubes offer a convenient means to concentrate and purify proteins and peptides. The protein solution should be pre-concentrated to improve rates of reaction in cross-linking with BSBCA. ? TROUBLESHOOTING 29| Add 50 mM Tris-HCl buffer (pH 8.5) to the centrifugal filter tube up to 5 ml and repeat centrifugation (4,000 r.p.m., 4 1C, 30 min) at least three times to ensure buffer exchange. m CRITICAL STEP The final protein concentration should be no less than 1 mM (centrifugation should proceed until 500 ml solution remains).
30| Fit a 5 ml-round-bottom flask containing a magnetic stir bar with a white rubber septum. Insert a nitrogen inlet and vent consisting of disposable syringe needles and blow nitrogen gas through the flask for 2 min to purge oxygen from the flask.
31| Attach an empty balloon to the end of a 3-ml plastic syringe that has been cut flush at the 1 ml mark (the balloon can be held in place with rubber bands). Fill the balloon with nitrogen gas and affix a 20-gauge 1.5-inch needle (Becton Dickinson) to the syringe. Insert this needle into the white rubber septum to maintain positive nitrogen pressure in the flask.
32| Using a disposable plastic syringe and needle, transfer the protein (500 ml) from the centrifugal filter tube to the round-bottom flask.
33| Using a disposable plastic syringe and needle, dispense 10 ml 500 mM TCEP into the reaction flask (final TCEP concentration is 10 mM) and stir at room temperature for 30 min. m CRITICAL STEP Efficient protein cross-linking with BSBCA requires the reaction to be performed in the presence of a suitable reducing agent under nitrogen atmosphere. These measures help to prevent cysteinyl disulfide bond formation, an undesirable side reaction that inhibits protein cross-linking. TCEP, as a reducing agent, is found to be relatively unreactive toward the azobenzene moiety during protein cross-linking (D.C.B., Z.Z. and G.A.W., unpublished results) and should be used in preference to dithiothreitol, mercaptoethanol or any other sulfhydryl-based reducing agents. Commercially available TCEP is usually provided as a free acid and should be pre-buffered with 50 mM Tris-HCl to maintain the protein cross-linking reaction at pH 8.5. TCEP solutions (0.5 M; 71.65 mg TCEP in 0.5 ml 50 mM Tris-HCl) should be prepared fresh and maintained at 2-8 1C before use in cross-linking.
34| Add 3,3¢-bis(sulfonato)-4,4¢-bis(chloroacetamido)azobenzene (4) (1.3 mg, 2.55 mmol, 5.1 eq.) to the reaction mixture so that the final concentration is 5 mM. Immerse the reaction flask in an oil bath (dewar dish) and heat to 10 1C below the expected melting temperature of the protein so that it is maintained in a folded, functional state. Stir the reaction mixture continuously for 6 h.
35|
Transfer the reaction mixture to a centrifugal filter tube and centrifuge at 4,000 r.p.m. at 4 1C for 30 min until a final volume of 500 ml is reached. Dilute the sample with 50 mM Tris-HCl buffer (pH 8.5) to 5 ml and repeat centrifugation at least three times to make sure that no free cross-linker remains (i.e., the filtrate has no color).
36| Check the completion of the reaction using UV spectroscopy by comparing A 280 and A 363 . The cross-linker has molar extinction coefficients of 2,500 M À1 cm À1 at 280 nm and 24,000 M À1 cm À1 at 363 nm. The molar extinction coefficient at 280 nm of the un-cross-linked protein can be calculated using the Protein Parameter tool of the Expasy server (http://ca.expasy.org/tools/ protparam.html) 28 . The calculated value should be added to the value for the cross-linker. If cross-linking is complete, the ratio of A 280 to A 363 should equal the ratio of extinction coefficients: (a 280 (protein) + a 280 (linker))/(a 363 (linker)).
37| Check the completion of the reaction and integrity of the protein using MALDI or electrospray mass spectrometry. The cross-linker adds 452.5 Da to the protein's mass. m CRITICAL STEP Depending on the protein, up to three rounds of cross-linking may be required to acheive more than 98% cross-linking. In cases where additional rounds of cross-linking are necessary, Steps 28-36 should be repeated. ? TROUBLESHOOTING Preparation of cross-linked protein samples for UV-visible and CD spectroscopy TIMING Approximately 1-2 h 38| Dissolve samples for UV and CD analyses in 5-50 mM sodium phosphate buffer, pH 7.0, at a concentration from 1 to 50 mM depending on the cuvette to be used (typically 1 cm pathlength for UV and 0.1 cm pathlength for CD). Obtain spectra by following the manufacturer's instructions. m CRITICAL STEP Irradiation of the sample to promote trans-to-cis photo-isomerization can be accomplished using a variety of light sources. For instance, a 70 W metal halide Tri-Lite lamp (World Precision Instruments) coupled to a 370 ± 10 nm band-pass filter (Harvard Apparatus, Canada) and placed in front of a cuvette containing cross-linker protein will produce a photo-stationary state with approximately 80 ± 10% cis isomer in 2-5 min at room temperature. Rapid cis-to-trans photo-isomerization can be accomplished using the same light source coupled to a 450 nm band-pass filter to produce 95% trans isomer within 1 min. ? TROUBLESHOOTING 39| Measure the half-life for thermal relaxation back to the trans isomer by recording A 363 over time. m CRITICAL STEP It is important to ensure that the spectrometer measuring beam is sufficiently weak that it does not perturb the rate of relaxation. This can be tested by placing a neutral density filter (e.g., Thorlabs NE02B unmounted +1 00 Absorptive ND Filter; optical density 0.2) in the path of the beam and testing for any effect on the measured decay rate. ? TROUBLESHOOTING Troubleshooting advice can be found in Table 1. ANTICIPATED RESULTS Analytical data 2-acetylamino-5-aminobenzenesulfonic acid (1) Yield, 40%; purity by 1 
TIMING

Protein cross-linking
The cross-linking reaction should proceed with an anticipated yield of more than 65% based on more than 98% cross-linking efficiency and more than 93% retention per pass on the Amicon ultra-15 centrifugal filters under the conditions specified. The MALDI or ESI m/z of cross-linked protein, when compared with un-cross-linked protein, should yield a mass difference of approximately 452.5 Da. Figure 3 shows ESI mass spectra before and after reaction of a GCN4 protein with BSBCA. UV-visible spectroscopy is typically employed to measure the degree of trans-to-cis isomerization in the cross-linked protein after irradiation (Fig. 4) . For a BSBCA cross-linked protein in its thermally stable trans configuration, the UV-visible spectrum should show a strong maximum at 363 nm, which is typical for amide-substituted azobenzene pÀp* transitions. Irradiation with light at a wavelength of 370 nm will lead to the loss of that absorption maximum along with a slight increase in absorbance at 450 nm, corresponding to the nÀp* transition of cis-azobenzene. Thermal reversion from the cis-to-trans state typically proceeds over a range of half-lives (10-30 min at 25 1C) depending on the protein that has been cross-linked and the residue spacing spanning the cross-link.
CD spectroscopy can be used to gauge the degree of helix-coil transition brought about by irradiation (Fig. 5 ). For iÀi+11 cross-linked a-helices, which are compatible with the thermally stable trans configuration of BSBCA, the CD spectrum should exhibit weaker molar ellipticity at 222 nm upon irradiation at 360 nm. This indicates that trans-to-cis photo-isomerization is coupled to helix unfolding within these proteins. In contrast, iÀi+7 and iÀi+4 cross-linked a-helices are compatible with the cis BSBCA configuration and should exhibit stronger molar ellipticity at 222 nm upon sample irradiation at 370 nm. Thus, an increase in helix content is coupled to trans-to-cis photo-isomerization within these proteins. 
